Introduction
Bronchus-associated lymphoid tissue (BALT) was originally described as a submucosal lymphoid organ, similar to Peyer patches, found along the bifurcations of the upper bronchi directly beneath the epithelium and generally lying between an artery and a bronchus (1) . Although some species appear to develop BALT independently of antigenic stimulation (2) , most normal mice and humans have little evidence of BALT (3) . However, pulmonary infection or inflammation in mice leads to the development of lymphoid follicles that are not restricted to the upper airways and are termed inducible BALT (iBALT) (4) . Similar areas are occasionally found in humans with pulmonary diseases (5) (6) (7) (8) (9) (10) . However, there is little information about what type of pulmonary disease leads to the development of iBALT or the cellular and molecular mechanisms that control the formation of this pulmonary structure.
The homeostatic chemokines CXCL13, CCL19, and CCL21 are important for the organization of secondary lymphoid tissues and are required for efficient adaptive immune responses (11) (12) (13) . CXCL13 is mainly produced by reticular cells, such as follicular dendritic cells (FDCs) (11) , and attracts CXCR5 + cells to the B cell follicle (14, 15) . In contrast, CCL21 and CCL19 are produced by stromal cells (16) , high endothelial venules (HEVs) (12) , and DCs and attract CCR7 + T cells as well as activated CCR7 + DCs and B cells to the T cell zone (12, 16) . The coordinated activities of these chemokines maintain the compartmentalized structure of lymphoid tissues and make encounters between lymphocytes and activated, antigen-bearing APCs more likely (11, 12) , ultimately leading to more efficient immune responses (16, 17) . Homeostatic chemokines are also important for the development of lymphoid organs during embryogenesis (18) (19) (20) (21) and are expressed in ectopic lymphoid structures in murine and human diseases characterized by chronic inflammation (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . In each case, the formation of ectopic lymphoid follicles is thought to be triggered by chronic inflammation caused by autoimmunity or infection (reviewed in refs. 38, 39) .
In this study, we determined whether a variety of interstitial lung diseases of known and unknown etiology could lead to the formation of iBALT. Surprisingly, we found that despite severe pulmonary pathology in many cases, iBALT was preferentially formed in the lungs of patients with pulmonary complications of RA and Sjögren syndrome (SS). Well-developed iBALT in RA lungs consisted of B cell follicles containing central FDC networks and zones of active B cell proliferation with a germinal center-like structure. T cells surrounded the follicles and sometimes formed interfollicular zones. We also observed expression of peripheral lymph node addressin (PNAd) and the lymphatic marker M2A on endothelial cells around the B cell follicles on the borders of the B and T cell areas. The increased expression of a wide variety of chemokines (CXCL13, CXCL9, CXCL14, CCL11, and CCL19) as well as several cytokines and costimulatory molecules (B cell-activating factor of the TNF family [BAFF] , ICOS ligand [ICOS-L], lymphotoxin α [LTα], LTβ, and IL-13) and the transcription factor BCL-6 correlated with an increased number and structural complexity of iBALT areas in the lung. Finally, iBALT formation was also associated with local collagen deposition, citrullination of proteins in the lung, and local production of antibodies against citrullinated proteins. Thus, the formation of iBALT is observed in pulmonary complications of RA and is associated with the development of local pathology.
Results
iBALT is found in some patients with interstitial lung disease. In order to determine whether chronic inflammation in the lung results in the formation of iBALT, we examined lung biopsies from patients suffering from a variety of chronic pulmonary diseases. Patients were grouped according to disease, and the demographic and clinical features of patients in major groups - those with RA, SS, idiopathic pulmonary fibrosis (IPF), and hypersensitivity pneumonitis (HP) - are listed in Table 1 . All patients in the RA group were tested for SS by serology and clinical evaluation and were deemed negative. Regardless of group, all patients exhibited clinical, radiological, and functional evidence of interstitial lung disease, with variable degrees of dyspnea, decreased lung capacities, and hypoxemia at rest that worsened during exercise (40) .
We first examined sections of healthy lung ( Figure 1A ) as well as sections from patients with IPF/usual interstitial pneumonia (UIP) (Figure 1 , B and C), HP ( Figure 1D ), silicotuberculosis ( Figure 1E ), bronchoalveolar carcinoma ( Figure 1F ), SS ( Figure 1G ), and RA ( Figure 1 , H-L). Slides were stained with H&E, and we looked for clusters of lymphocytes that were suggestive of lymphoid follicles. As expected, healthy lung did not show any appreciable accumulations of lymphocytes or inflammatory cells ( Figure 1A ). In contrast, sections of lungs from patients with interstitial lung disease showed a wide variety of phenotypes, ranging from scattered lymphocytes ( Figure 1C ) to small lymphoid aggregates (Figure 1, B , E, and G) and even numerous, large accumulations of lymphocytes that have the appearance of highly organized lymphoid follicles (Figure 1 , F, J, and L). Although the majority of samples did have at least some small lymphoid aggregates, samples from patients with RA and SS consistently had more and larger lymphoid areas. However, even in the samples from RA patients, lymphoid aggregates exhibited a range of sizes and degrees of organization (Figure 1 , G-L).
We next confirmed the presence of iBALT using immunofluorescence. We found that lung biopsies from RA patients contained clearly organized iBALT, with CD21 + FDCs (Figure 2 , A-F), CD20 + B cell areas with proliferating cell nuclear antigen-positive (PCNA + ) germinal center B cells (Figure 2 , G-L), CD68 + macrophage-like cells both inside and outside the follicles (Figure 2 , M-R), and T cells surrounding the follicles and in the interfollicular areas (Figure 2 , S-X). Again, biopsies from RA patients exhibited iBALT ranging from the small, poorly organized follicles shown in Figure 2 , A and G, to the large, well-organized follicles with polarized germinal centers in Figure 2 , F and L. In contrast, most of the biopsies from patients with other types of pulmonary disease did not have FDCs (summarized in Table 2 ). In these cases, only small clusters of disorganized B cells or T cells were detected. In fact, lymphoid aggregates that could be classified as iBALT were observed in only 2 of 10 patients with idiopathic interstitial pneumonias, 2 of 6 patients with HP, 0 of 4 patients with chronic infectious disease, and 1 of 4 patients with cancer. In contrast, 8 of 9 patients with pulmonary disease associated with RA and 3 of 3 patients with pulmonary disease associated with SS exhibited iBALT in their lungs ( Table 2 ). These findings support the idea that iBALT is not strictly induced by pulmonary inflammation and that some diseases, such as RA, are more effective at eliciting organized lymphoid areas in the lung than others. Interestingly, lungs from patients with IPF, a disease characterized by epithelial cell injury/activation, fibroblastic foci formation, and exaggerated accumulation of extracellular matrices (41), did not display iBALT (0 of 7 patients) ( Table 2) .
Areas of well-organized iBALT contain PNAd + HEVs and M2A + lymphatic vessels. In order to establish whether areas of iBALT were simply locally organized accumulations of lymphocytes in areas of inflammation or were accessible to recirculating lymphocytes, we examined the expression of PNAd in samples containing iBALT. As shown in Figure 3 , PNAd + HEVs could often be observed in biopsies that contained well-developed iBALT. These HEVs were typically observed near the edge of the follicles at the B cell/T cell interface ( Figure 3 , B, C, and F). Although PNAd staining was usually observed in cells that had characteristics of endothelial cells (Figure 3 , A, B, and F), it was also observed in cells in a similar location, but with a less obvious endothelial morphology (Figure 3 , C and E). In contrast, PNAd + HEVs were more difficult to find in less-organized inflammatory areas and were impossible to find in normal lung biopsies (not shown). We also observed endothelial cells that expressed the lymphatic marker M2A immediately surrounding the B cell follicles in areas of well-developed iBALT ( Figure 3 , B-E). In addition, expression of this marker was occasionally observed in a reticular pattern inside large B cell follicles that contained germinal centers ( Figure 3 , C and F). However, in less well-developed areas of iBALT, the lymphatic marker M2A was often expressed by isolated cells or short linear clusters of cells, which may represent lymphatic vessel precursors (not shown). Moreover, in normal lung, only a few small lymphatic vessels were detected by immunofluorescence (not shown). Thus, it appears that PNAd + HEVs and M2A + lymphatic vessels are located at the interface between B cell follicles and T cell areas, where they are positioned to facilitate entry and exit of immune cells to and from areas of iBALT.
Homeostatic chemokines and LT are expressed in areas of iBALT formation. We next tested whether homeostatic chemokines were
expressed at sites of iBALT formation. As shown in Figure 4A , CCL21 was most easily observed on endothelial cells surrounding the B cell follicle in an area similar to where HEVs and lymphatic vessels were observed. At larger magnification, CCL21 was clearly observed on endothelial-like cells that had a concentric distribution in structures that looked like blood vessels ( Figure 4B ). Although we did not find colocalization of CCL21 and PNAd (not shown), we did observe colocalization of CCL21 and the lymphatic marker M2A ( Figure 4C ). Finally, we observed limited expression of CCL21 in a reticular pattern in the T cell areas outside the follicles ( Figure 4D ), consistent with expression by stromal cells or dendritic cells. We also examined the expression of CXCL13, which is normally expressed in B cell follicles. As shown in Figure  4 , E-H, we found that CXCL13 was expressed in the B cell follicle in a pattern characteristic of FDCs. However, we also found strong CXCL13 labeling on fibroblast-like cells, fibrils, and blood vessels outside of the B cell follicle (Figure 4 , E and F). We occasionally observed CXCL13-producing CD68 + cells in the B cell follicle (Figure 4G ), which may be germinal center dendritic cells, as previously reported (42) . These results demonstrate that the homeostatic chemokines are expressed in a spatially separated fashion in which CXCL13 appears to be involved in the organization of the B cell follicle and CCL21 appears to coordinate the traffic of cells to and from areas of iBALT.
The expression of homeostatic chemokines is controlled by LT signaling in secondary lymphoid organs (43, 44) . LT is also crucial for the expression of the enzymes that regulate PNAd expression and the development of HEVs (45, 46) . Therefore, we determined whether LTα-producing cells could be found in areas of iBALT. As shown in Figure 4 , I-L, LTα-producing cells were located on the edge of B cell follicles in T cell areas of iBALT adjacent to where PNAd + HEVs were found (Figure 3 ). The location of these cells and the high level of cytoplasmic staining for LT suggested that they may be activated T cells, which are high producers of this cytokine (43) . Interestingly, the number of LTα + cells surrounding the follicular areas increased as iBALT increased in size and organization ( Figure 4 , I and J). Thus, the expression of LTα in the T cell area correlates with the formation and expansion of iBALT.
Expression of chemokines and cytokines in iBALT. To get a better idea of how various molecules are expressed in tissues that exhibit progressive degrees of iBALT formation, we extracted RNA from tissue samples that were frozen at the time of biopsy and used quantitative PCR to measure the expression of chemokines and cytokines that are involved in lymphoid organogenesis and lung pathology. As shown in Figure 5A , the expression of the chemokines CXCL13, CXCL9, CCL1, CXCL14, and CCL18 was dramatically increased in samples from RA patients relative to their expression in normal lung. Similarly, the expression of mRNA for CCL11, CCL2, CCL19, CXCL10, and CCL21 was modestly increased in samples from RA patients ( Figure 5B ). In each of these cases, increased expression
Figure 1
Lymphoid aggregates can be observed in sections of human lungs from patients with different interstitial lung diseases. Sections of formalin-fixed, paraffin-embedded lung biopsies from patients with various interstitial lung diseases were stained with H&E. Sample numbers are indicated for parts A-L, and the corresponding clinical diagnoses and summaries of histological findings are presented in Table 2 . Original magnification, ×20. Arrows in all panels point to examples of lymphoid follicles.
of these chemokines correlated with increased number, size, and organization of iBALT in the corresponding slides (Figures 1 and  2 ). In contrast, the expression of other chemokines, including CCL17, CXCL2, and CXCL12, either did not substantially increase relative to that in normal controls or, in the case of CXCL8, actually went down ( Figure 5C ). Thus, increases in the expression of only a subset of chemokines correlate with iBALT formation.
We also examined the expression of cytokines that are known to be involved in lymphoid organogenesis. As shown in Figure 5D , the expression of LTα and, more strikingly, the expression of LTβ were increased in lung samples from RA patients. Similar increases were observed in the expression of IL-13 and the transcription factor BCL-6 ( Figure 5D ), which is highly expressed in germinal center B cells (47, 48) . In contrast, although TNF and IFN-γ were increased in some samples relative to their expression in normal controls ( Figure 5D ), these increases did not correlate with increased size and complexity of iBALT. Thus, the level of iBALT organization correlates with the expression of molecules involved in lymphoid organogenesis and with the expression of some molecules involved in Th2-driven pathology. We also analyzed the expression of several cytokines, costimulatory molecules, and enzymes that are involved in the pathogenesis of RA. As shown in Figure 6 , the enzyme peptidyl arginine deiminase-2 (PADI-2), which is involved in the citrullination of proteins (49) , is highly expressed in biopsies containing iBALT relative to its expression in normal lung. Similarly, the costimulatory molecule ICOS and ICOS-L are highly expressed in the lungs of RA patients as is the B cell stimulatory cytokine BAFF (Figure 6 ). Thus, molecules associated with lymphoid organogenesis and RA pathogenesis are highly expressed in areas of iBALT. To determine whether iBALT supported local immune responses to autoantigens, we next looked for plasma cells specific for rheumatoid factor or citrullinated proteins in areas of iBALT. As shown in Figure  7 , we found scattered cells that bound biotinylated human IgG ( Figure 7A ) or citrullinated proteins ( Figure 7B ) surrounding the follicles of iBALT. These cells exhibited cytoplasmic staining and had plasma cell morphology ( Figure 7, C and D) . These data suggest that some iBALT follicles support the differentiation of B cells specific for autoantigens.
We also determined whether autoantibodies could be found in the serum or bronchoalveolar lavage (BAL) fluid from patients with RA. Although rheumatoid factor could easily be detected in the serum of RA patients ( Figure 7E ), we did not find detectable levels of rheumatoid factor in the BAL fluid (not shown). In con-
Figure 2
Cellular organization of iBALT in the lungs of patients with RA. Sections of formalin-fixed, paraffin-embedded lung biopsies from patients with RA were analyzed by immunofluorescence using antibodies specific to CD21 (A-F), CD20 and PCNA (G-L), CD68 (M-R), and CD3 (S-X). All sections were counterstained with DAPI (blue). The B cell follicles are outlined with dashed yellow lines in M-X. Original magnification, ×100.
trast, anti-cyclic citrullinated peptide (anti-CCP) antibodies were observed in both serum and BAL fluid of RA patients ( Figure 7F) . Furthermore, the levels of anti-CCP antibodies were increased in patients that had more well-developed iBALT. These data suggest that anti-CCP antibodies are produced locally in the lung and contribute to pulmonary pathology.
The formation of iBALT is associated with tissue damage in the lung. We next looked for the deposition of collagen, the development of fibrosis, and the presence of citrullinated proteins in the lung as measures of pathology in areas surrounding iBALT in the lungs of RA patients. Staining with Masson trichrome revealed dense areas of collagen deposition surrounding the follicles, blood vessels, and airways in lungs of RA patients that exhibited highly organized iBALT ( Figure 8A ). We also examined the expression of α-SMA, which is a classic marker of myofibroblasts with increased proliferative and fibrogenic activity and is generally linked to an exaggerated local inflammatory/ fibrotic response. In lung sections from patients with RA, increased numbers of cells expressing α-SMA were found in areas adjacent to airways and blood vessels and, in some cases, even surrounding the follicles ( Figure 8B ). These areas were often close to germinal centers, as detected by staining with PCNA ( Figure 8B ). Furthermore, extensive areas of citrullinated proteins were observed in and around iBALT follicles ( Figure 8C) . Thus, the presence of iBALT in the lungs of RA patients appears to correlate with local pathology.
Figure 3
Vascular endothelial cells expressing markers of lymphatic vessels and HEVs are found surrounding the B cell follicles. Sections of formalin-fixed, paraffin-embedded lung biopsies from patients with RA (A and D-F), HP (B) , and desquamative interstitial pneumonia (C) were analyzed by immunofluorescence using antibodies specific for lymphatic endothelium (M2A) and HEVs (PNAd). All sections were counterstained with DAPI (blue). Original magnification, ×200.
Figure 4
The chemokines CXCL13 and CCL21 as well as the cytokine LTα are expressed in areas of iBALT. Sections of formalin-fixed, paraffin-embedded lung biopsies from patients with RA (A, D, E, H-L), HP (B and C), and desquamative interstitial pneumonia (F and G) were analyzed by immunofluorescence using antibodies specific to CCL21 and CD3 (A, B, and D) , CCL21 and M2A (C), CXCL13 and CD68 (E-H), and LTα (I-L). All sections were counterstained with DAPI (blue). B cell follicles are outlined with dashed yellow lines in panels I-L. Original magnification, ×100 (A, E, F, and I-L); ×200 (B, G, and  H) ; ×400 (C and D).
Discussion
Our data show that iBALT is present in the lungs of patients with a wide variety of interstitial lung diseases. However, iBALT is most prevalent in patients with pulmonary manifestations of autoimmune diseases, such as RA and SS. In these patients, iBALT is associated with the expression of chemokines and cytokines that support lymphoid tissue development and organization. The presence of well-organized iBALT is also associated with the local expression of cytokines, costimulatory molecules, and enzymes that are involved in the pathology of RA. Consistent with a possible role in local pathology, patients with well-developed iBALT exhibited higher levels of anti-CCP antibodies in BAL fluid. Thus, iBALT appears to play a role in pulmonary manifestations of RA.
The original observations of BALT by Bienenstock (50) described a novel mucosal lymphoid tissue underlying a dome epithelium along the large airways. In contrast, the lymphoid follicles described here are found in both the upper and lower lungs and rarely have the typical dome structure of mucosal lymphoid tissues. Instead, they have the appearance of ectopic lymphoid follicles like those in rheumatoid joints (35) . Therefore, we have termed these areas inducible BALT or iBALT in order to distinguish them from classic BALT structures, which are true mucosal lymphoid tissues.
Classic BALT that is observed in some species is constitutively present in the absence of antigenic stimulation (2, 51-53), suggesting that its formation is developmentally regulated. However, pigs raised in a pathogen-free environment and humans who died from nonrespiratory causes generally lack detectable BALT (2). Moreover, in human fetal and infant lungs, organized BALT is often found in cases of amnionitis or intrauterine pneumonia but is found in only 10% of fetuses without any evident sign of infection and is poorly organized in these cases (10, 54) . Moreover, iBALT is not detectable in the lungs of naive C57BL/6 mice but does develop after influenza infection (4) . Together, these data suggest that BALT is induced primarily after antigen encounter. However, it is not clear how the follicles of iBALT gain access to antigen without a dome epithelium that contains M cells for transporting antigen. Although we do observe lymphatic vessels surrounding the B cell follicles of iBALT, we do not
Figure 5
Expression of genes that correlate with lymphoid tissue organization in lung biopsies that contain iBALT. DNA-free RNA was extracted from normal lung (NL) or lung biopsies from patients who had pulmonary diseases associated with RA. The 4 samples selected exhibited a range of phenotypes from those with low levels of iBALT (RA2 and SS1), higher levels of iBALT (RA4), and the highest levels of iBALT (RA7). Extracted mRNA was reverse transcribed and used in a quantitative PCR array to determine relative mRNA expression patterns. The mRNA levels of each gene in each sample were first normalized to the expression of 18S RNA in that sample and then normalized to the expression of that gene in normal lung. The expression of selected chemokine mRNAs showed strong increases (A), moderate increases (B), or no increases (C) relative to mRNA expression in normal lung. The expression of selected cytokine mRNAs was also compared with that in normal lung (D). The levels of 18S RNA in the 4 patient samples were independently analyzed (in duplicate) by semiquantitative PCR and shown to be similar in all samples (bottom panel of C). know whether they are afferent or efferent lymphatics or both. Afferent lymphatics could be supplying antigen and APCs from distal parts of the lung. However, if only efferent lymphatics are present, then it seems that only autoantigens located directly in iBALT would be available to stimulate lymphocytes. This may explain why iBALT is so extensive in RA patients.
If continuous exposure to antigen is the driving force behind iBALT formation, it is not altogether surprising that silica particles or cancers lacking recognizable tumor antigens are insufficient to induce iBALT formation. In contrast, patients with RA and SS are continuously exposed to autoantigens while patients with HP are frequently exposed to particular environmental antigens, consistent with the extensive iBALT in these patients. However, exposure to antigen cannot be the only factor involved in the development of iBALT since cigarette smoke and adverse environmental exposure are also linked to iBALT induction (3, 55, 56) . In addition, one might predict that the presence of live organisms such as Mycobacterium tuberculosis and Histoplasma capsulatum would be associated with iBALT formation, as they are clearly a source of antigen. Thus, the specific type of immune response, the type of cells that are activated, and the cytokines that are produced are likely to play key roles in the development of iBALT beyond simple exposure to antigen.
The formation of ectopic lymphoid tissue at other sites correlates with the local expression of homeostatic chemokines (27, 30, 34, 36, 37, 42, 57) . In fact, the induction of CXCL13 expression is one of the strongest correlates for the development of ectopic lymphoid follicles in rheumatoid joints. Furthermore, the overexpression of CXCL13 at ectopic sites, such as the pancreas, is sufficient to drive the development of ectopic lymphoid follicles with B and T cell areas, FDCs, and HEVs (58) . Although CXCL13 is constitutively expressed in conventional lymphoid tissues, we know from previous studies that it is inducibly expressed in the lung after influenza infection (4) . Therefore, it is not surprising that CXCL13 is the most strongly induced mRNA that we examined in the biopsies of lung tissue containing iBALT and that its level of expression correlates with the extent of iBALT formation. These data suggest that the induced expression of CXCL13 is important for the development of iBALT. However, it is unclear exactly how CXCL13 is involved. During embryogenesis, CXCL13 plays a key role in the recruit-
Figure 6
Expression of genes that correlate with RA pathology in lung biopsies that contain iBALT. DNA-free RNA was extracted from normal lung or lung biopsies from patients who had pulmonary diseases associated with RA. Extracted mRNA was reverse transcribed and used in semiquantitative PCR reactions to determine relative mRNA expression patterns. Samples were analyzed for expression of PADI-2, ICOS-L, ICOS, and BAFF. The expression of β2M was used as a control for mRNA quality and loading. PCR products were resolved on agarose gels, and the bands represent the only products observed. No bands were detected from RNA samples that were not reverse transcribed.
Figure 7
Local production of autoantibodies in the lungs of RA patients with iBALT. Sections were stained with biotinylated human IgG (A and C) to detect plasma cells producing rheumatoid factor (RF) or with citrullinated fibrinogen (B and D) to detect plasma cells producing antibodies against citrullinated proteins (CP). Sections were counterstained with anti-CD20 to detect B cell follicles (A-D). Original magnification, ×100. Titers of rheumatoid factor in serum were determined by ELISA (E). Relative units of anti-CCP antibodies in serum and BAL fluid were determined by ELISA (F). RU, relative units. ment of LTi cells, which initiate the formation and organization of lymphoid organs, such as LNs and Peyer patches (21) . Thus, the induced expression of CXCL13 may recruit similar types of cells to the lung, which initiate the formation of iBALT. On the other hand, CXCL13 may simply serve to recruit B cells and organize them into follicles. Since they express LTαβ heterotrimers on their surfaces (59), B cells may be sufficient to initiate the formation of iBALT. Similar events probably take place in rheumatoid joints that develop ectopic lymphoid follicles. However, the relationship between the structures in the joints of RA patients and those in the lungs remains unclear.
Based on its role in the organization of other lymphoid tissues (44) and the dramatically increased expression of LTβ that we observed in areas of iBALT, it is likely that LT is also involved in iBALT formation. Consistent with this, increasing numbers of LTα-producing cells were observed in the T cell zone as the number and size of iBALT areas increased (Figure 4 ). These LTα + cells are likely to be activated T cells, which can produce large amounts of this cytokine. However, we did not observe LTα expression on B cells in follicles, possibly due to the low level of LT expression on B cells (44) and the limited sensitivity of immunofluorescence. LT is also important for the differentiation of HEVs and for the expression of PNAd (43, 45, 46, 60) . In the samples of human lungs studied here, LTα-producing cells were located around the B cell follicles in areas where we found vessels that expressed PNAd. Thus, it is possible that interactions between LTα-expressing cells and TNF-R1- or LTβR-expressing endothelial cells could trigger the development of HEVs and the expression of PNAd. Therefore, LTα probably plays a role in the expression of homeostatic chemokines, the maintenance of B cell follicles, and the differentiation of PNAd-expressing HEVs in areas of iBALT.
A final issue is whether immune responses in iBALT are beneficial or detrimental to pulmonary function. In the examples shown here, iBALT is clearly associated with pathology, including local fibrosis, collagen deposition, citrullination of proteins, and production of cytokines and chemokines such as IL-13 and CCL11, which are associated with the pathology of asthma (61) . The presence of α-SMA + cells, fibroblasts, and collagen in close proximity to germinal centers suggests that iBALT is playing an active role in the induction of local immune responses that are responsible for local tissue damage. Moreover, the presence of plasma cells specific for citrullinated proteins and the high levels of anti-CCP antibodies found in the BAL fluid suggest that autoantibodies are produced locally in the lung - possibly after the expansion of autoreactive B cells in the germinal centers of iBALT. Thus, iBALT may exacerbate local pathology in response to autoantigens. However, the presence of iBALT also appears to play a beneficial role in mice infected with influenza and promotes functional local T and B cell responses that clear virus without triggering systemic pathology (4) . Therefore, it is important to understand the mechanisms that control iBALT formation and function and use this information to develop ways to intervene in pulmonary pathology and to enhance respiratory immunity to pathogens
Figure 8
Local pathology correlates with iBALT formation in lung biopsies from RA patients. Sections of formalin-fixed, paraffin-embedded lung biopsies from patients with RA were stained with Masson trichrome to detect fibroblasts and collagen deposition (A) and stained with antibodies against α-SMA (green) and PCNA (red) (B). Samples in B were also counterstained with DAPI (blue). Sections were treated to modify citrullinated proteins, which were detected by immunohistochemistry (C). Original magnification, ×100 (normal lung in B, ×200).
